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Abstract: The current gold standard material for orthopedic
applications is titanium (Ti), however, other materials such as
cobalt–chromium–molybdenum (CoCrMo) are often preferred
due to their wear resistance and mechanical strength. This
study investigates if the bioactivity of CoCrMo can be
enhanced by coating the surface with titanium oxide (TiO2)
by atmospheric pressure chemical vapor deposition (CVD),
thereby replicating the surface oxide layer found on Ti.
CoCrMo, TiO2-coated CoCrMo (CCMT) and Ti substrates were
used for this study. Cellular f-actin distribution was shown to
be noticeably different between cells on CCMT and CoCrMo
after 24 h in osteogenic culture, with cells on CCMT exhibit-
ing greater spread with developed protrusions. Osteogenic
differentiation was shown to be enhanced on CCMT
compared to CoCrMo, with increased calcium ion content per
cell (p<0.05), greater hydroxyapatite nodule formation
(p<0.05) and reduced type I collagen deposition per cell
(p<0.05). The expression of the focal adhesion protein vincu-
lin was shown to be marginally greater on CCMT compared to
CoCrMo, whereas AFM results indicated that CCMT required
more force to remove a single cell from the substrate surface
compared to CoCrMo (p<0.0001). These data suggest that
CVD TiO2 coatings may have the potential to increase the
biocompatibility of CoCrMo implantable devices. VC 2014 Wiley
Periodicals, Inc. J Biomed Mater Res Part A: 103A: 1208–1217, 2015.
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INTRODUCTION
The medical health care industry is constantly improving,
providing more accurate methods of diagnosis and more
effective therapeutic treatments. A consequence of this is that
people are living for longer, creating an ever growing elderly
population, which is affecting all ﬁelds of health care, both
clinically and economically.1 Included in this trend is ortho-
pedics, which is predicted to see a 174 and 673% rise in the
need for total hip and knee arthroplasty procedures by the
year 2030, respectively.2–4 As a result of this, the need for
improvements in current generation biomaterials is of great
interest and importance to both the scientiﬁc and medical
industries, as implants that are capable of increased longevity
and biocompatibility are desired. At present, titanium (Ti)
and its alloys are widely accepted as the prime choice for
orthopedic and dental applications.5,6 This is due to a combi-
nation of desirable properties that include, resistance to cor-
rosion, mechanical strength and biocompatibility that is
capable of promoting an environment that can trigger the
formation of new bone tissue and osseointegration.7,8 While
these characteristics make Ti the material of choice, it is not
always suitable for some applications. Other biomaterials,
such as the cobalt alloy, cobalt–chromium–molybdenum
(CoCrMo), can often be preferred due to their superior
mechanical strength and wear resistance; however they do
not exhibit the same osteogenic ability as Ti. Efforts to
improve the efﬁcacy of CoCrMo have included acid etching,9
diamond like carbon ﬁlms,10 bone-morphogenetic protein
peptide immobilization,11 and nanophase topography12; how-
ever, these methods are either largely ineffective or difﬁcult
to upscale effectively.
On implantation, the bone surrounding the implant does
not ‘see’ the bulk of the metal, but instead interacts with the
stable oxide layer found on the surface of Ti and its alloys.
At approximately 3–7 nm thick,13 this thin, durable, self-
repairing oxide layer could play an important role in the
osseointegration of the implant by mediating cell–
surface interactions such as, protein adsorption, cell adhe-
sion and differentiation, and eventually bone formation and
remodeling. This has led us to develop a novel approach to
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increasing the biocompatibility of CoCrMo by coating the
material in a highly durable layer of TiO2 by atmospheric
pressure chemical vapor deposition (CVD) in order to repli-
cate the surface of Ti implants and so enhance the osseointe-
gration of these CoCrMo components. Current applications
of this coating include use as a heterogeneous catalyst, a
photo-catalyst in solar cells, white pigment in paint, gas sen-
sors, anticorrosion protective coatings, optical coatings, and
varistors for electrical devices.14
To investigate the osteogenic capability of TiO2 coatings,
the biological activity of human mesenchymal stem cells
(MSCs) isolated from the bone marrow of the iliac crest
were studied. MSCs, also referred to as, mesenchymal stro-
mal cells and skeletal stem cells, are multipotent cells capa-
ble of self-renewal, with the potential to differentiate into a
variety of specialized cell types, such as osteoblasts, chon-
drocytes, and adipocytes.15 Following implantation, MSCs
are the ﬁrst osteogenic cells recruited to such sites in vivo,
where they facilitate in the formation of a direct interface
between native bone tissue and the implant by colonizing
the surrounding tissues and surfaces and differentiating
into osteoblasts capable of forming new bone tissue.16,17
The present study sought to observe the effects of
CoCrMo, TiO2-coated CoCrMo (CCMT), and Ti surfaces on
the osteogenic differentiation of human MSCs by analyzing
speciﬁc markers known to play a role in osteogenesis,
including cytoskeletal structure, calcium deposition, type I
collagen (COL-I), and hydroxyapatite (HA) formation. In
addition to studying factors involved in differentiation, cell
attachment and adhesion was examined to further assess
the properties of the surfaces, as adhesion is known to play
a pivotal role in the differentiation process.18 A novel
approach involving AFM following a 1-s dwell time on each
substrate was used to measure single cell adhesion forces.19
We hypothesise that the CCMT surface will display similar
behavior to that of the Ti surface, in the form of enhancing
cell adhesion and promoting greater expression of osteo-
genic markers.
MATERIALS AND METHODS
Sample preparation
CoCrMo discs (Cr 26–30, Mo 5–7) of 15 mm Ø, 1 mm thick-
ness, were supplied by Corin (Cirencester, UK) with a
machined ﬁnish. To remove this topography, individual discs
were mounted on resin bases (SpeciFix-20, Struers,
40200048) and ﬁxed in place using araldite rapid for 30
min. Once the discs were securely ﬁxed, using a LaboForce-
1 grinding machine (Struers) the surface of the discs were
manually ground with SiC #1000 grit paper (Struers,
40400011) to remove any visible appearance of the
machined topography. Following this, discs were transferred
to a RotoForce-1 polishing machine (Struers) and polished
for 4.5 min at 150 rpm using MD-Dac (Struers, 40500071)
with DP-Suspension P 3mm (Struers, 40600251) while lubri-
cating the samples with DP-Lubricant Blue (Struers,
40700006). The CoCrMo discs were then immersed in an
ultrasound bath containing ddH2O for 30 min and air dried.
Ti discs were provided by Institut Straumann AG (Walder-
berg, Switzerland). To prepare CoCrMo, CCMT, and Ti discs
for cell culture experiments, discs were put in nitric acid
(0.1 N, BDH, 19088 5E) for 10 min, washed thoroughly in
ddH2O and allowed to air dry before being UV irradiated for
20 min on each side (BONMAY, BR-506).
Chemical vapor deposition
Titanium tetrachloride (TiCl4) and ethyl acetate were used
to create the thin ﬁlm TiO2 coatings on CoCrMo via atmos-
pheric pressure CVD. The process followed a procedure
developed by us previously to coat both glass and steel sub-
strates.20,21 The TiCl4 bubbler was heated to 68C and ethyl
acetate heated to 40C. All gas lines were heated to over
150C and the deposition was carried out at a temperature
of 500C. In each deposition approximately 30 CoCrMo discs
were placed on an inert glass tray, and arranged to be close
to the gas inlet of the reaction chamber. The ﬂow rates for
the 1 min deposition were 1.32 L/min for TiCl4, 0.3 L/min
for ethyl acetate, 3 L/min for plain 1, and 1.85 L/min for
plain 2. X-ray diffraction, X-ray photoelectron spectroscopy,
and Raman spectroscopy was performed to conﬁrm the
presence of anatase TiO2 (not shown here).
Surface characterization
The surface topography of CoCrMo, CCMT, and Ti were ana-
lyzed by proﬁlometry (Scantron, Proscan 1000) where an
area of 6.25 mm2 was examined (n5 5) and using Proscan
software, surface roughness was evaluated to obtain Ra
values. Scanning electron microscopy was used to visually
conﬁrm surface Ra values. To measure the hydrophobicity of
the samples (n56), contact angle measurements were per-
formed using an optical contact angle meter (KSV Instru-
ments, CAM 200) with drops of ddH2O.
Cell culture
Human MSCs from three donors were obtained from the
Institute for Regenerative Medicine, Texas A&M Health Sci-
ence Center College of Medicine. Precharacterization of the
MSCs had been performed which included the expression of
stem cell surface markers, and osteogenic, adipogenic, and
chondrogenic differentiation. Cells were seeded on tissue cul-
ture plastic at a density of 740 cells cm22 and expanded in
complete growth medium (CGM) that comprised of minimum
essential medium a (Gibco, 22571-020) containing 10% fetal
bovine serum (PAA Laboratories, A15-151) and 1% penicil-
lin/streptomycin (PAA Laboratories, P11-010). MSCs were
incubated at standard culture conditions of 37C/5%CO2 in a
humidiﬁed atmosphere with media changed every 3 or 4
days. When cells reached 80% conﬂuence they were har-
vested by treatment of trypsin (0.05%)/ethylenediaminete-
traacetic acid (0.002%; PAA Laboratories, L11-004). Only
cells of low passage (<5) were used to ensure integrity of
the results. When osteogenic media (OM) was implemented,
it consisted of Dulbecco’s modiﬁed Eagle’s medium (DMEM)
low glucose pyruvate (Gibco, 31885-023), containing 10%
fetal bovine serum, 1% penicillin/streptomycin, and further
supplemented with b-glycerol phosphate (Sigma-Aldrich,
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G9891), L-ascorbic acid (Sigma-Aldrich, A8960), and dexa-
methasone (Sigma-Aldrich, D9402).
Cell morphology
To analyze cell morphology, f-actin and the nuclei of MSCs
were ﬂuorescently labeled to undergo confocal laser micros-
copy. MSCs were seeded on CoCrMo and CCMT discs at 12.5
3 103 cells per well in OM (n5 3) with media changes
every 3–4 days. After 1 and 7 days in culture, MSCs were
ﬁxed using 4% paraformaldehyde for 15 min then treated
with 0.15% Triton X-100 (BDH, 30632 4N) in Dulbecco’s
phosphate buffer saline (PBS; Lonza, 17-512F) for 4 min to
permeabilize the cellular membrane. Actin was labeled
using Alexa ﬂuor 488 phalloidin in PBS (Molecular probes,
A12379, 2.5:100) for 20 min at room temperature, then
counterstained to label the nuclei using propidium iodide
(PI) for 10 min (Molecular probes, P3566, 4 mg/mL). Cells
were washed three times in PBS and suspended in 3 mL of
PBS in for viewing. MSCs were analyzed at 340, using a
Radiance 2100 Laser Scanning System.
Osteogenic ﬂuorescent markers
To obtain a measure of the level of osteogenic differentiation
occurring in MSCs on the three surfaces, COL-I and HA
expression were examined using ﬂuorescent microscopy tech-
niques. MSCs were seeded at 12.5 3 103 cells per well in
OM (n5 3) with media changes every 3–4 days. COL-I was
analyzed after 7 and 14 days, with HA being studied after 7,
14, and 21 days. Succeeding culture, cells were ﬁxed as pre-
viously described. MSCs to be analyzed for COL-I were
blocked using 10% goat serum (Sigma-Aldrich, G9023) in
PBS for 30 min to prevent any unspeciﬁc binding. Primary
antibody incubation was performed overnight at 4C with
anti-COL-I antibody (Sigma-Aldrich, C2456, 1:1000). Alexa
ﬂuor 488 goat anti-mouse (Molecular probes, A11001,
2.5:100) was used as a secondary antibody to label COL-I,
with all primary and secondary antibodies diluted in 1.5%
skim milk in PBS. Lastly, the MSCs were counterstained with
40,6-diamidino-2-phenylindole dihydrochloride (DAPI) for 40
min (Sigma-Aldrich, D9542, 10 mg/mL). HA staining was per-
formed using the OsteoImage kit (Lonza, PA-1503) as per the
manufacturer’s instructions. Images were taken using a ﬂuo-
rescent microscope ﬁtted with the appropriate ﬁlters (Leica
DMIRB) and then quantiﬁable analysis was performed via a
pixel based method using ImageJ software.
Calcium ion content
MSCs from three donors were seeded at a density of 12.5 3
103 cells per well in OM and examined at 7, 14, and 21
days. Prior to performing assays, the amounts of cells were
assessed using AlamarBlue (AbD Serotec); oxidized dye was
added to each well containing media and cells were incu-
bated for 4 h at standard culture conditions before having
two aliquots of supernatant removed from each well for
analysis. The ﬂuorescent intensity of the dye was measured
(excitation k5 530 nm, emission k5 590 nm, Biotek
FLX800) and cell numbers calculated via interpolation
through use of a seven-point standard curve, ranging up to
a maximum of 16 3 104 cells per well. Calcium content was
measured using the QuantiChrom assay (Bio Assay systems,
DICA-500) as per the manufacturer’s instructions. The cell
monolayer was homogenized by incubation with 1 M hydro-
chloric acid (HCL) for 60 min at room temperature on a
rocking plate. Aliquots were then taken from each sample
and transferred to a clear 96-well plate and combined with
assay reagent. Calcium levels were then measured
(k5 620 nm, Tecan M200) and concentrations calculated
with use of known concentration standards.
Vinculin expression
The focal adhesion (FA) protein vinculin was analyzed using
confocal laser microscopy to obtain a level of expression on the
three surfaces after 3 and 24 h in osteogenic culture. MSCs
were seeded at 5 3 103 cells per well (n53) and succeeding
culture were prepared as previously described, although they
were immunochemically stained with the mouse antivinculin
antibody (Abcam, ab18058, 1:200) and Alexa ﬂuor 568 goat
anti-mouse secondary antibody (Molecular probes, A11031,
2.5:100). MSCs were then washed and viewed in 3 mL of PBS
at 340, using a Radiance 2100 Laser Scanning System. Vincu-
lin expression in individual cells was then quantiﬁed as a pixel
based method using ImageJ software.
Atomic force microscopy
A total of 1 3 103 MSCs were transferred to a 35-mm Petri
dish containing one disc of CoCrMo, CCMT, and Ti in CGM.
The Petri dish was then inserted into the heater chamber on
the NanoWizard AFM stage (JPK—Berlin) to maintain the
cells at 37C, and the medium was replaced with long lasting
CO2 serum free medium (Sigma Aldrich, 14571C). In order to
perform the experiment, we modiﬁed AFM nonconductive sil-
icon nitride tip-less cantilevers (Bruker, NP-010) with glass
beads (10–30 mm, Polysciences, 07666) which had been
coated with concanavalin A (Con A) biomolecules as previ-
ously described.19 The AFM cantilever was then approached
to a single free moving MSC with a maximum load varying
between 400 and 900 pN to ensure contact adhesion
between the cell and the modiﬁed bead. This load was also
low enough to prevent any compressive damage to the cell.
The cantilever was then retracted and left undisturbed for
15 min to ensure strong adhesion between the cell and the
coated glass bead. Following these preparation steps, adhe-
sion measurements were performed between the modiﬁed
cantilever/bead/cell and different surfaces of interest by per-
forming force–distance curves using the AFM. The single cell
adhesion measurements were performed using an initial load
of 4.5 nN, a dwell time of 1 s and a retraction loading rate of
0.5 mm/s. At all times the sample and cell were kept in a buf-
fered environment (DMEM) at 37C and 5% CO2. Attachment
of the MSC to the Con A coated glass bead was conﬁrmed by
SEM and the AFM camera.
Statistical analysis
For each experiment samples were performed in triplicate
(n5 3) except for surface characterization analysis which
used a sample size of n56 for contact angle and n55 for
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roughness. Quantiﬁcation of vinculin expression was per-
formed using 10 cells (n5 10). Using GraphPad Prism soft-
ware the Student’s t test was used to examine the statistical
signiﬁcance between groups with p< 0.05 to be considered
signiﬁcant.
RESULTS
Surface characterization
As shown in Figure 1, CoCrMo was the most hydrophobic of
the three surfaces with a mean contact angle of 97.56 7 .
Ti had the lowest contact angle, with a mean of 82.56 5.4
and CCMT averaged in the middle of the group with a mean
of 84.3613.5 . CoCrMo was observed to have a signiﬁ-
cantly greater contact angle than Ti. Ti was shown to have
signiﬁcantly greater surface roughness (Ra 0.5660.055 mm)
than both CoCrMo (Ra 0.076 0.004 mm) and CCMT
(Ra 0.176 0.050 mm), whereas CCMT also had a signiﬁcant
upregulation in comparison against CoCrMo. Although there
was signiﬁcant differences in Ra values between the three
surfaces, all three surfaces can be referred to as smooth
when taken into consideration past publications and the
given roughness ranges referred to as smooth in a review
by Wennerberg et al.22 SEM analysis of surface topography,
shown in Figure 1, supported the laser proﬁlometry results,
where at low magniﬁcation (X30), each surface appeared
smooth, lacking any topography, but at greater magniﬁcation
(X2500), the increased roughness was evident on the CCMT
and Ti surfaces.
Cell Morphology
Laser confocal microscopy was used to analyze the cell mor-
phology of MSCs seeded on CoCrMo and CCMT. After 24 h cul-
ture in OM, there were obvious differences in the appearance
of MSC f-actin which had been ﬂuorescently labeled with
phalloidin. Where cell aggregates had formed, the structure
and order of cells within these colonies were evidently differ-
ent between the surfaces. Aggregates on CoCrMo [Fig. 2–(A)]
appeared to have thin stress ﬁbres, which were elongated
and ordered in parallel to each other, whereas on CCMT [Fig.
2(D)], stress ﬁbres seemed to be more robust and were disor-
ganized in a crisscross manner. The morphological differences
observed in cell aggregates on CoCrMo and CCMT after 24 h
was also evident in individual cells. The majority of MSCs on
the CoCrMo surface appeared ﬁbroblastic in appearance
FIGURE 1. Above left—surface roughness results, showing significantly greater roughness on the Ti surface against both CoCrMo and CCMT,
and also a significant increase in roughness on the CCMT surface in comparison to the CoCrMo (n5 5). Above right—Contact angle results,
CoCrMo surface is significantly more hydrophobic than Ti, with the CCMT surface ranging in the middle of the two (n56). Below—SEM images
taken on all three surface variants at magnification 330 and 32500. At lower magnification (330) all three surfaces appear similar in appearance
which could be described as smooth. Under greater magnification (32500) differences between the surfaces is more apparent, increasing in
roughness from CoCrMo–CCMT–Ti respectively, supporting the laser profiliometer results. Each bar represents the mean61SD, *p< 0.05 mate-
rial versus one surface, #p< 0.05 material versus both surfaces.
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[Fig. 2(B)], in comparison to MSCs found on the CCMT surface
which appeared more spread, with developed protrusions in
the form of lamellipodia [Fig. 2–(E)]. After 7 days in osteo-
genic culture, the morphology of MSCs on CoCrMo and CCMT
[Fig. 2(C,F)] had signiﬁcantly changed from day 1 as MSCs
had undergone the differentiation process. MSCs on both
surfaces were noticeably more well spread, with the forma-
tion of thick bundles of actin around the periphery of the
cells, a trait seen before in MSCs undergoing osteogenesis.23
While MSCs were evidently different from images taken at
day 1, no obvious difference in cell morphology was present
between surfaces at day 7.
Osteogenic ﬂuorescent markers
As MSCs differentiate into osteoblastic cells capable of form-
ing new mineralized bone tissue, they undergo a complex
series of events which includes the alteration of their physi-
cal form, production and expression of osteogenic proteins
capable of facilitating in osteogenesis, and the excretion of a
collagenous extracellular matrix (ECM) rich in calcium
nucleation sites. Fluorescent microscopy techniques were
used to monitor a selection of these events to gain an
understanding of each surface’s ability to promote osteogen-
esis in vitro. COL-I is thought to be excreted into the ECM of
MSCs that are undergoing osteogenic differentiation to act
as a scaffold for tissue formation. After 7 days in osteogenic
culture, it was apparent that COL-I deposition was
signiﬁcantly enhanced on the CoCrMo surface, shown by the
presence of dense collagen ﬁbrils [Fig. 3(A)], which were
not present to the same extent on either CCMT or Ti
[Fig. 3(B,C)]. After 14 days in culture this effect was again
observed on CoCrMo, although at this time point, CCMT was
shown to have signiﬁcantly more COL-I per cell deposited
compared to Ti, while not to the same level as CoCrMo
[Fig. 3(D)]. HA, also called hydroxylapatite (HA; Ca5((PO4)(OH)),
is a mineral naturally found in bone tissue and can be used as
a late marker for osteogenesis, as MSCs produce nodules of
HA as they form new bone tissue. Ti promoted the greatest
amount of HA formation throughout the 3-week time course,
being statistically signiﬁcant over both materials at 2 weeks
and CoCrMo at 3 weeks. Noticeably larger nodules were evi-
dent on Ti [Fig. 4(C)], while CCMT was shown to have greater
HA content over CoCrMo at all three time points but at 3
weeks this was deemed statistically signiﬁcant [Fig. 4(D)].
Calcium deposition
To combine with the ﬂuorescent microscopy techniques that
analyzed known markers of osteogenic differentiation, cal-
cium ion content was quantitatively determined through use
of a colorimetric assay. Use of Alamarblue prior to assaying
allowed for results to be normalized to a per cell level instead
of total content, to allow for greater accuracy. As shown in
Figure 5, after 2 weeks in osteogenic culture CCMT and Ti
had signiﬁcantly greater calcium ion content per cell in com-
parison against CoCrMo, implying MSCs on these substrates
are differentiating at a faster rate and producing more miner-
alized tissue. This trend was again evident at 3 weeks,
although not deemed to be statistically signiﬁcant for CCMT.
Vinculin
Using confocal laser microscopy, vinculin expression in MSCs
was analyzed after 3 and 24 h in osteogenic culture and then
FIGURE 2. Confocal images showing f-actin (green) counterstained with PI (red). Images (A)–(C) show MSCs cultured in OM on CoCrMo, with cell
aggregates at day 1 (A), single cells at day 1 (B), and single cells at day 7 (C). Images (D)-(F) show MSCs on the CCMT surface, with aggregates at
day 1 (D), single cells at day 1 (E), and single cells at day 7 (F). Cell morphology at day 1 is noticeably different in both aggregates and on the single
cell level. Aggregates on CoCrMo appear to have ordered, elongated, parallel stress fibres, in comparison to the more robust criss-cross fibres
found on the CCMT surface. Scale bar550 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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quantiﬁed as a pixel based method using individual cells
of comparable size [Fig. 6(D)]. Ti appeared to promote the
greatest expression of vinculin at both time points, and was
judged to be statistically signiﬁcant against CoCrMo at 24 h.
CCMT appeared to have greater vinculin expression than
CoCrMo at both 3 and 24 h, although to a lesser extent than
that found on Ti. Congregation of vinculin at FAs was present
on all three surfaces [Fig. 6(A–C)], although Ti and CCMT
appeared to have a greater number FAs per cell, which indi-
cates that MSCs on these surfaces may be more well adhered.
Atomic force microscopy
AFM was used to analyze the force required to detach a sin-
gle MSC from the surface of CoCrMo, CCMT, and Ti following
a 1-s dwell time. In doing this experiment it was possible to
gain an understanding of each substrates ability to promote
immediate cellular adhesion, which is a necessity for osteo-
genesis to occur successfully on implants in vivo, as coloni-
zation of cells with osteogenic potential is required on the
surface of an implant. It was found that there were statisti-
cally signiﬁcant differences between all three surfaces
FIGURE 3. Fluorescent images and quantification analysis for COL-I (A–D) after 7 days in culture. COL-I deposition was enhanced on the CoCrMo
surface (A), shown by the formation of dense collagen fibrils (green), which were not present on either CCMT (B) or Ti (C). Cultures were coun-
terstained with the nucleic acid stain DAPI (blue). Scale bar5 100 mm. Image quantification analysis was performed using ImageJ software (D)
n58. Each bar represents the mean6 1SD, *p< 0.05 material versus one surface, and #p<0.05 material versus both surfaces. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
FIGURE 4. HA nodule formation was shown to be greater on CCMT (B) and Ti (C) in comparison to CoCrMo (A) after 21 days in culture. Quantifi-
cation analysis was performed using ImageJ software (D) n5 10. HA shown as green (A–C), scale bar5200lm. Each bar represents the
mean61SD, *p< 0.05 material versus one surface, and #p< 0.05 material versus both surfaces. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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(Fig. 8, p<0.0001), with CoCrMo requiring the lowest
detachment force (29.226 1.36 nN), CCMT ranging in the
middle (31.586 1.60 nN), and Ti requiring the greatest
force (32.656 1.57 nN). This implies that Ti promotes
greater immediate adhesion to a statistically superior level
than both other surfaces, which can also be said for CCMT
against CoCrMo.
DISCUSSION
The demographics of the United Kingdom show the popula-
tion is changing rapidly with mean age increasing as people
are living for longer.1 Consequently, implant lifespans that
were once considered acceptable are no longer so, as
patients are out-living their devices. Upon failure of the
implant, the need for invasive revision surgery is common,
which can cause signiﬁcant additional trauma to the patient,
as well as add substantial cost to health care provider.3,4
Implantable devices that exhibit increased longevity and
biocompatibility are therefore being sought in order to meet
the needs of this growing, aging population. Many research
groups are currently looking into various methods of modi-
fying current generation biomaterials to enhance their per-
formance in vivo. One such material in question is the
cobalt alloy, CoCrMo, which is currently used in orthopedic
applications due to its mechanical strength and excellent
resistance to wear. While CoCrMo exhibits these excellent
properties, it does not have the in vivo biological compatibil-
ity of materials such as Ti. In the present study we investi-
gated if the biocompatibility of CoCrMo could be improved
FIGURE 5. Calcium deposition per cell over a 3-week time course. At
2 weeks, there is a significant increase in the amount of calcium pres-
ent on CCMT in comparison to CoCrMo, suggesting a greater level of
osteogenesis is occurring at this time point on the CCMT surface, to a
similar level as that found on Ti. At 3 weeks, there is still greater cal-
cium content on CCMT although not statistically significant. Each bar
represents the mean61SD n53, *p< 0.05 material versus CoCrMo.
FIGURE 6. Vinculin expression in MSCs on CoCrMo (A), CCMT (B), and Ti (C) after 24 h in culture. Fluorescent images show vinculin expression
throughout the cell with concentrated regions thought to represent focal adhesions. Quantification of vinculin expression in individual cells (D)
was performed using ImageJ software where it was found Ti had greater vinculin present in comparison to CoCrMo, with CCMT ranging in the
middle. Each bar represents the mean6 1SD n5 10, *p< 0.05 material versus CoCrMo. Scale bar5 50 lm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
FIGURE 7. SEM and AFM camera images showing a single MSC attach-
ing to a Con A-coated glass beaded AFM cantilever. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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by coating the surface of the material with a thin, durable,
layer of TiO2 by atmospheric pressure CVD, thus masking
the bulk alloy with the same bioactive surface oxide layer
found on Ti, the current orthopedic material of choice.5,6
Characterization of the materials displayed an increase
in wettability and surface roughness on CCMT compared to
the uncoated CoCrMo. The increase in surface roughness
was conﬁrmed by SEM analysis which showed the presence
of a very minor topography on CCMT in the form of shallow
pits and valleys, thought to be ﬂuctuations in the thickness
of the deposited TiO2 layer. As surface topography is known
to be inﬂuential on the differentiation of MSCs22,24,25 and
has be shown to be capable of triggering bone formation
without the need for additional osteogenic stimuli,26 it is
important to note this may be a contributing factor to any
differences observed during in vitro testing, although a dif-
ference of 0.1 mm Ra is likely to have a negligible effect.
There was a signiﬁcant difference in roughness on the Ti
control surface in comparison to both CoCrMo and CCMT,
although from previous publications this surface could still
be described as smooth.22 Following TiO2 coating, a reduc-
tion in water contact angle was observed, which may also
have a positive effect on cellular response, as high surface
energy substrates have previously been shown to enhance
cell attachment and differentiation.27–29 It is important to
note that the variation in surface wettability on CCMT was
not signiﬁcant compared to that found on the positive Ti
control, suggesting that while the TiO2 layer does have an
effect on the wettability of the sample, it may not fully block
out the underlying material properties of the bulk CoCrMo.
Cell shape is thought to play an important role in the
differentiation of MSCs.30,31 As MSCs differentiate, it is pos-
sible to ascertain what lineage a population has committed
to by studying the cytoskeletal shape of the cells and the
structure of their internal f-actin stress ﬁbres.32 MSCs that
undergo osteogenesis have been observed to change from
their characteristic ﬁbroblastic like phenotype, to a more
spread spherical-star shape.23 This phenomenon was appa-
rent in this study, where MSCs located on the CCMT surface
after 24 h, had begun f-actin reorganization, resulting in the
cells appearing more spread and sprouting protrusions in
the form of lamellipodia. In contrast, the majority of MSCs
on CoCrMo after 24 h still appeared ﬁbroblastic, despite the
addition of osteogenic supplements to the culture media.
This pattern was again evident in cell aggregates, with
stress ﬁbres appearing elongated and ordered on CoCrMo,
compared to the more disordered, robust, criss-cross ﬁbres
found in aggregates on CCMT, which has been previously
observed in human MSCs undergoing osteogenesis.32 This
suggests that the CCMT surface was promoting an acceler-
ated early osteogenic response in the form of quicker cytos-
keletal reorganization. By day 7, both surfaces appeared to
have MSCs in the later stages of osteogenesis, indicated by
the formation of thick bundles of actin located around the
periphery of the cells.23
As MSCs differentiate along their osteogenic lineage, as
well as undergoing changes in their cell shape, they excrete
an ECM rich in collagen and calcium. This ECM will eventu-
ally form into bone tissue, which can be described as a vas-
cularized mixture of inorganic calcium phosphate, also
known as bone mineral or HA, and organic proteins and
enzymes, such as osteopontin, osteocalcin, and bone-
alkaline phosphatase.33 Through ﬂuorescent and colorimet-
ric techniques, we were able to demonstrate an enhance-
ment in various key markers of osteogenic differentiation
on the CCMT surface over CoCrMo. Calcium ion and HA con-
tent were both shown to increase on CCMT compared to
CoCrMo, suggesting that a greater level of bone mineraliza-
tion was occurring on the TiO2-coated substrate. A slight
reduction in calcium ion content was observed from weeks
2 to 3 on CCMT when measured per cell, which can be
accounted to an increase in cellular proliferation on this
surface. The formation of COL-I in the ECM, which can act
as a scaffold for calcium nucleation sites, was observed to
be signiﬁcantly reduced on CCMT in contrast to CoCrMo, to
an almost comparable level as on Ti. This trend was
observed in previous publications, which went on to high-
light the calcium-collagen ratio in mineralized tissue, pro-
posing that over collagenous bone tissue may be less
mineralized and mechanically weak.34
For differentiation to occur successfully, cell attachment,
and adhesion must be adequate to allow for the coloniza-
tion of MSCs from surrounding tissues onto the surface of
the implant. Various proteins from both the ECM and inter-
nal structure of the cell have their level of expression modi-
ﬁed, through the cell–material interactions that occur
during the adhesion process.35 One such protein is vinculin,
which plays a role in the formation of FAs by interacting
with internal actin and talin.36 FAs are best described as
assemblies of proteins that congregate and co-ordinate,
ordinarily around the periphery of the cell, connecting the
actin of the cytoskeleton to the material while regulating
signals and mechanical forces, and can be visualized by ﬂuo-
rescent staining of vinculin. We observed an increase in the
FIGURE 8. Graphical representation of the adhesion forces required to
detach a single MSC from CoCrMo, CCMT, and Ti, after a 1-s dwell
time on the surface of each material. The single MSC had been
attached the AFM cantilever prior to the measurement via a Con-A-
coated glass bead. CoCrMo had the lowest detachment force of the
three materials with Ti promoting the greatest force. Each bar repre-
sents the mean6 1SD n5 75, *p< 0.0001 material versus all other
materials.
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level of vinculin expression on CCMT and Ti, over CoCrMo
at both 3 and 24 h using a pixel based quantiﬁcation
method. This greater level of vinculin implies that there
were more FAs formed in cells on the CCMT and Ti surface,
which has previously been highlighted as an important fac-
tor in osteogenic differentiation, with osteogenesis requiring
large numbers of FAs compared to adipogenesis and chon-
drogenesis which discourage FA attachment.18
The visual analysis of cellular adhesion by way of confo-
cal microscopy techniques gives a general idea of the proc-
esses that are occurring on the material surface, but cannot
quantify how well adhered a single cell is to the material
surface. Atomic force microscopy is an extremely powerful
tool that has been used most commonly to image surfaces
on the nanoscale, although recently this technique has been
highlighted as a possible tool to measure the force interac-
tions of unbinding events, for example, between cells and
other biomolecules.37 Furthermore, the resultant force
curves could play a role in analyzing and identifying individ-
ual events, such as the disconnection of proteins or protein
complexes during the detachment of the cell from the sur-
face.19 From the cell adhesion measurements performed in
this study, signiﬁcant differences in single cell adhesion
forces between the three surfaces under physiologically rele-
vant conditions were seen.38 Ti and CCMT were both shown
to require a signiﬁcantly greater force to detach the cell
from the surface following a 1-s dwell time, suggesting that
these materials have superior immediate adhesion proper-
ties compared to CoCrMo, which may possibly help with the
colonization of migrating cells in an in vivo environment.
Theoretically, the early events that take place after
implantation of a device, such as interaction with the adja-
cent blood clot and other elements of the human body, are
heavily dependent on the surface oxide layer of the material.
The use of TiO2 as a way of improving cellular response on
materials has been looked at in variety of different forms.
TiO2 sol–gel dip coatings have recently been used to study
the cytocompatibility of TiO2-coated CoCrMo, where it was
found that the presence of the TiO2 layer had a reducing
effect on the expression of genes involved in inﬂammation
and oxidative stress response in human endothelial cells.39
This effect was attributed to the TiO2 coatings ability to
reduce the release of metallic ions, speciﬁcally Co21.40 TiO2
nanotubes with varying dimensions have been shown to reg-
ulate MSC differentiation.41–45 Silicon-doped TiO2 coatings
(Si-TiO2) formed by either micro or cathodic arc oxidation,
have also recently been shown to improve the response of
osteogenic cells,46,47 although it is important to point out
that the Si-TiO2 ﬁlms were porous and therefore not capable
of fully blocking out the underlying bulk properties of the
CoCrMo. Nevertheless, the enhanced osteogenic response
from Si-TiO2 presents a possible next-step for potentially
increasing the biocompatibility of CoCrMo further, via the
inclusion of Si into the TiO2 CVD coatings. Pico-to-nanometre
thin TiO2 coatings created via slow rate sputter coating of
TiO2 nanoparticles have also been shown to enhance the cel-
lular response of osteogenic and muscle cells in the form of
improved proliferation, attachment, and differentiation.48,49
Improved proliferation and differentiation of cells isolated
from the bone marrow of Sprague-Dawley rats was observed
on Ti discs which had been sputter coated with TiO2.
50
Despite the numerous positive conclusions drawn from these
studies, the majority focused primarily on further increasing
the biocompatibility of Ti by the addition of TiO2. Application
of TiO2 to other biomaterials as a method of increasing their
biocompatibility has yet to be fully investigated, with at pres-
ent only Miyauchi et al.51 having investigated photofunction-
alized TiO2 layers on various biomaterials and Tsaryk et al.
39
having studied the cytocompatibility of TiO2-coated CoCrMo
using human endothelial cells.
Through our preliminary work, we believe that coating
less bioactive biomaterials in a layer of TiO2 has great poten-
tial to improve the efﬁcacy of some orthopedic implants,
which need to be formed of mechanically strong, wear resist-
ant bioinert materials, such as CoCrMo. Attempts to improve
the bioactivity of CoCrMo have included forming nanophase
topographies and BMP peptide immobilization, although these
techniques may be difﬁcult to upscale effectively.11,12 Atmos-
pheric pressure CVD not only removes the need for expensive
vacuum equipment required for low pressure CVD but also is
already in use industrially and therefore can be scaled up
effectively. By improving the efﬁcacy of CoCrMo, this opens up
other potential applications for the use of the material.
CONCLUSION
This study analyzed the osteogenic differentiation and adhe-
sion of human MSCs on CoCrMo, CCMT, and Ti, to ascertain
whether coating CoCrMo in a layer of TiO2 by atmospheric
pressure CVD enhanced the bioactivity of the material to a
comparable level as that found on Ti. The results indicated
that both markers of adhesion and osteogenesis were
enhanced on CCMT compared to CoCrMo, implying TiO2
coatings may be potentially inﬂuential in the future for
improving the efﬁcacy of orthopedic implants formed of
nonbioactive materials such as CoCrMo.
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